The gravitational wave event from the binary neutron star (BNS) merger GW170817 and the following multi-messenger observations present strong evidence for i) merger ejecta expanding with substantial velocities and ii) a relativistic jet which had to propagate through the merger ejecta. The ejecta's expansion velocity is not negligible for the jet head motion, which is a fundamental difference from the other systems like collapsars and active galactic nuclei. Here we present an analytic model of the jet propagation in an expanding medium. In particular, we notice a new term in the expression of the breakout time and velocity. In parallel, we perform a series of over a hundred 2D numerical simulations of jet propagation. The BNS merger ejecta is prepared based on numerical relativity simulations of a BNS merger with the highestresolution to date. We show that our analytic results agree with numerical simulations over a wide parameter space. Then we apply our analytic model to GW170817, and obtain two solid constraints on: i) the central engine luminosity as L iso,0 ∼ 3 × 10 49 − 2.5 × 10 52 erg s −1 , and on ii) the delay time between the merger and engine activation t 0 − t m < 1.3 s. The engine power implies that the apparently-faint short gamma-ray burst (sGRB) sGRB 170817A is similar to typical sGRBs if observed on-axis.
INTRODUCTION
Gravitational wave (GW) observation of GW170817 by the Laser Interferometer Gravitational-Wave Observatory (LIGO) and the Virgo Consortium (LVC), and the follow-up observations across the electromagnetic (EM) spectrum were historical discoveries. The binary neutron star (BNS) merger event GW170817 was associated with the short gamma-ray burst sGRB 170817A (Abbott et al. 2017a,c) , which gave the first direct observational clue to the scenario of BNS mergers for sGRBs (Paczynski 1986; Goodman 1986; Eichler et al. 1989) . In this scenario, the merger produces a central engine surrounded by an accretion disk and ejecta of ∼ 10 −2 − 10 −3 M (Shibata 1999; Shibata & Uryū 2000) . Accretion of matter fuels the central engine to power a relativistic jet. As illustrated in figure 1, eventually, high-energy photons can be released as the prompt emission, once the jet breaks out of the ejecta (Nagakura et al. 2014; MurguiaBerthier et al. 2014) .
The observation of GW170817/sGRB 170817A (hereafter referred to as GW170817) was a major turning point for the multi-messenger astrophysics. As one of the best sGRB events observed ever, GW170817 is rich in new data; E-mail: hamidani.hamid@yukawa.kyoto-u.ac.jp such as, the mass of the BNS (∼ 2.7M ; Abbott et al. 2017a) , the viewing angle (∼ 20 • − 30 • ; Abbott et al. 2017a; Troja et al. 2018) , and the delay between the GW and the EM signal (∼ 1.7s; Abbott et al. 2017a,c) , all inferred for the first time. Superluminal motion in late radio afterglow observations (Mooley et al. 2018) , and macronova/kilonova (hereafter macronova) emission with a strong support for rprocess nucleosynthesis (Arcavi et al. 2017; Chornock et al. 2017; Coulter et al. 2017; Díaz et al. 2017; Drout et al. 2017; Kilpatrick et al. 2017; Kasliwal et al. 2017; Nicholl et al. 2017; Pian et al. 2017; Smartt et al. 2017; Shappee et al. 2017; Soares-Santos et al. 2017; Tanaka et al. 2017; Utsumi et al. 2017; Valenti et al. 2017) are also new revelations. This event also had impacts on the equation of state of neutron stars, relativity, cosmology, etc. (e.g. Abbott et al. 2017b) .
Although GW170817 did answer several fundamental questions related to sGRBs, it also did prompt new questions. Because sGRB 170817A is several orders-ofmagnitude fainter than ordinary sGRBs (Abbott et al. 2017c) , the jet associated with GW170817 is not fully understood yet. This peculiar faintness has been interpreted as most likely due to the large off-axis viewing angle (see: Abbott et al. 2017c; Kasliwal et al. 2017; Granot et al. 2017; Ioka & Nakamura 2018) . With radio afterglow observations showing evidence for superluminal motion, and the light The merger taking place at t = tm. (C) Just after the merger, the by-product of the merger is surrounded by expanding ejecta of M ej ∼ 0.01M . (D) The expansion reduces the ejecta's density, and at t = t 0 , the engine is activated and polar jets are launched. (E) The jet breaks out at t = t b , as the jet head catches up with the ejecta's outer radius: r h (t = t b ) = rm(t = t b ).
curve behavior after the peak, we are forced to conclude that a relativistic jet did exist and the faintness is due to the off-axis viewing angle. The peculiar spectral properties of sGRB 170817A (Matsumoto et al. 2019b,a) are also interpreted within the framework of the off-axis jet model by considering the jet structure (Ioka & Nakamura 2019) . Still there remains an open question whether the emission comes from the jet or not (for example the emission could come from the cocoon breakout from the ejecta; Kasliwal et al. 2017; Gottlieb et al. 2018b ) mainly because the jet properties are not fully determined yet.
A breakout has to take place for the high-energy photons of the prompt emission to be released. Jet propagation is determined by the properties of the ejecta, and also by the parameters of the engine (e.g., its luminosity). Hence, the jet propagation is a key process in order to tackle the open questions concerning GW170817. Numerical relativity simulations, with the help of GW observations (i.e. mass measurement; Abbott et al. 2017a) , provide insights into the properties of the dynamical ejecta and the post-merger wind (Hotokezaka et al. 2013; Fernández & Metzger 2013; Bauswein et al. 2013; Just et al. 2015; Fujibayashi et al. 2018; Fernández et al. 2019 ; also see Shibata & Hotokezaka 2019 for a review). Observations of the macronova emission in combination with theoretical works provide additional information; e.g., limits on the ejecta mass and velocity Drout et al. 2017; Kasliwal et al. 2017; Villar et al. 2017; Waxman et al. 2018; Kawaguchi et al. 2018 Kawaguchi et al. , 2019 etc.) . Therefore, with these properties of the ejecta, we can infer the jet and central engine of GW170817 by studying the jet propagation in the merger ejecta.
Jet propagation has been intensively studied in the context of active galactic nuclei (AGNs) and collapsars (Begelman & Cioffi 1989; Martí et al. 1997; MacFadyen & Woosley 1999; Matzner 2003; Mizuta & Ioka 2013) . In both AGNs and collapsars, the medium is static. Jet propagation in a static medium is well-understood thanks to several analytic and numerical studies (Matzner 2003; Bromberg et al. 2011; Mizuta & Ioka 2013; Harrison et al. 2018) .
Jet propagation in the ejecta of a BNS merger is different in many aspects, in particular the outward expansion of the merger ejecta with substantial velocities (∼ 0.2c; Hotokezaka et al. 2013; Bauswein et al. 2013; Just et al. 2015) . Still, so far, there has been no reliable analytical model to accurately describe jet propagation in an expanding medium, consistently with numerical simulations.
There are two important consequences of the outward expansion in the merger ejecta. First, the jet head must reach a higher velocity than that of the outer ejecta in order to catch it up and ensure the breakout. Second, as the outer radius of the ejecta continuously expands with time, the ejecta's volume increases with time. As a result, unlike the collapsar case, the density (and the pressure) is time dependent. This profoundly affects jet propagation.
Until very recently, the jet propagation in the merger ejecta was not studied as much as that in the collapsar case. However, after GRB 130603B with the first indications of a macronova (Berger et al. 2013 ) and later GW170817 (Abbott et al. 2017a) , the interests grew. So far, most studies have been based on numerical hydrodynamical simulations (Nagakura et al. 2014; Duffell et al. 2015 Duffell et al. , 2018 Lazzati et al. 2017; Gottlieb et al. 2018a,b; Xie et al. 2018) . While numerical simulations give important insights on the phenomenology of jet propagation, it is very hard to cover a wide parameter-space with simulations alone. Hence, analytic modeling is indispensable, especially as several key parameters remain beyond reach (e.g., parameters of the central engine). Analytic modeling of the jet propagation in a BNS merger has been presented using ideas from the collapsar case (Murguia-Berthier et al. 2017; Ioka & Nakamura 2018; Matsumoto & Kimura 2018; Gill et al. 2019; Geng et al. 2019; Lazzati & Perna 2019) . These studies tried to make constraints on the equation of state of neutron stars (Lazzati & Perna 2019) , on the properties of the ejecta (or the wind) (Murguia-Berthier et al. 2017; Lazzati & Perna 2019) , and on the timescale between the merger and BH formation (Murguia-Berthier et al. 2017; Matsumoto & Kimura 2018; Gill et al. 2019; Geng et al. 2019) . However, previous analytic models of the jet propagation did not properly take the expansion of the medium into account; also, there has been no evidence of their consistency with numerical simulations.
Here we present a work that combines high-resolution hydrodynamical simulations of jet propagation in the ejecta of BNS mergers with proper analytic modeling for the jet propagation. We use refined numerical relativity simulations of BNS merger by Kiuchi et al. (2017) to understand the early BNS merger ejecta down to the vicinity of the central engine. We analytically derive the jet head motion, taking the expansion of the ejecta correctly into account. In parallel, we carry out a series of about 100 numerical simulations using a 2D hydrodynamic relativistic code, in order to compare analytical and numerical results over a wide parameter space. Our motivations are to: i) understand the jet propagation in the BNS merger ejecta and the difference with the jet propagation in the collapsar case; ii) understand more about the properties of the central engine in the event GW170817/sGRB 170817A; and iii) understand the nature of sGRB 170817A relative to typical sGRBs.
This paper is organized as follows. In § 2, the analytical model for jet propagation is presented, and two cases are presented: the collapsar case (static medium) and the BNS merger case (expanding medium). Analytical results and numerical simulations' results are presented, compared and discussed in § 3. In § 4 we show and discuss numerical relativity simulations' results about BNS merger ejecta. In § 5, we apply our analytical model to GW170817/sGRB 170817A, and present several constraints on its central engine. And in § 6 we discuss the implications of our findings on the nature of sGRB 170817A in comparison to typical sGRBs. A conclusion is given at the end of this paper ( § 7). We present the analytic calculations in Appendix A and B, for the static medium case and the expanding medium case, respectively. And in Appendix C, we present the analytical model for jet propagation taking the evolution of the jet opening angle into account.
THE ANALYTICAL MODEL

Jump conditions and the equation of motion for the jet head
Let's consider a jet launched through an ambient medium with a total mass Mej. We consider two cases. First, a static medium case, as in the collapsar case, where the medium is the stellar envelope of a dying massive star. Second, an expanding medium case, as in the case of a BNS merger, where the medium is the dynamical ejecta (refer to § 4 for a full explanation of the dynamical ejecta).
In both cases, a jet head and a cocoon are formed. The jet head is composed of the shocked jet and the shocked ambient medium, both of which are pressure balanced. The jet head is continuously pushed forward. Therefore, the pressure in the jet head is very high, which results in matter expanding sideways to form the cocoon surrounding the jet.
The jet is assumed to be launched at the vicinity of the central engine ∼ 10 6 − 10 7 cm (depending on the engine and its mechanism). The jet head position at a given time, t, is r h (t). The velocity of the jet head in the lab frame (i.e., the central engine frame) is cβ h = dr h (t)/dt. This velocity is determined by the ram pressure balance (Begelman & Cioffi 1989; Martí et al. 1997; Matzner 2003; Bromberg et al. 2011; Mizuta & Ioka 2013) :
where h, ρ, and P are enthalpy, density, and pressure of each fluid element, all measured in the fluid's rest frame. The subscripts j, h, and a refer to the three domains: the jet, jet head, and ambient medium, respectively. (Γβ) jh is the fourvelocity of the jet relative to the jet head, and (Γβ) ha is the four-velocity of the jet head relative to the ambient medium. As Pa and Pj are cold, they can be neglected. Hence, the jet head velocity can be written as:
whereL is the ratio of the energy density between the jet and the ambient medium (Matzner 2003; Bromberg et al. 2011; Ioka & Nakamura 2018; Harrison et al. 2018) :
Σj is the cross section of the jet. With θj as the jet opening angle, Σj = πθ 2 j r 2 h (t). Lj is the jet luminosity (one sided). We can usually take Γa 1 even for the case of BNS merger ejecta.
Approximations
2.1.1.1 A roughly constant opening angle θj A close look at the jet opening angle θj(t) shows that it does not vary significantly throughout most of the jet head propagation. At first, let's approximate it as constant θj(t) ≡ θj (see Appendix C for the case of a time-dependent opening angle). That is, the jet opening angle can be written as:
where θ0 is the initial opening angle 1 , and fj (>1) is a constant that accounts for the average degree of collimation. The slow evolution of the opening angle is based on results from the analytic calculations [see Appendix C and equation (C10)] and confirmed by results from numerical simulations (see figure 3, and figure 3 in Nagakura et al. 2014 ). This approximation is useful as a first step because it simplifies the complexity of the analytic formula, but still keeps reasonable accuracy before going to the complex equations for the evolution of the jet collimation in Appendix C.
2.1.1.2 The collimation factor fj = θ0/θj The numerical results within our explored parameter space show that the collimation factor fj takes values in the range ∼ 2 − 10 (depending on the engine luminosity, the initial opening angle, and the ejecta mass), with fj ≈ 5 being a typical value for the case of a non-relativistic jet head (i.e.L
(1 − βa) 2 ; see figure 3 ). Hence, within the current parameter space, we take fj = 5 as a fiducial case in our analytic modeling. We stress that the approximation fj ≈ 5 is valid only within our current parameter space for the typical BNS merger case, and should not be understood as a universally valid value.
2.1.1.3 A homologous expansion The ejecta is approximated to follow a homologous expansion. That is, the profile of velocity satisfies va(r) ∝ r. In the case of BNS dynamical ejecta, numerical relativity simulations confirm this approximation (see figure 8) .
2.1.1.4 Definition of the ejecta The term "ejecta" commonly refers to the part of material ejected from the system of the central engine. Here we use this term to refer to the ejected part (gravitationally unbound) in addition to the inner part (gravitationally bound). The reason is that the jet is launched at the vicinity of the central engine 10 6 − 10 7 cm, which is gravitationally bound to the central engine.
Hence, the density in the inner region (although gravitationally bound) is also relevant for jet propagation. Therefore, we define the mass of the ejecta as Mej = r m,0 r 0
where r0 ∼ 10 6 −10 7 cm, rm,0 is the outer radius of the ejecta when the jet is launched, and ρa(r) is the density of the ambient medium in the polar region when the jet is launched 2 . Note that, as the volume of the inner part is very small in comparison to the ejecta's total volume, and as the density profile in this inner part can be approximated to a powerlaw with an index n ≈ 2 (see figure 8 and the discussion in § 3.1), the inclusion of this inner part will not significantly affect the total mass of the ejecta (contributes with a change of only ∼ 10%).
2.1.1.5 A power-law density profile The ejecta's density profile, as found in numerical relativity simulations, can be approximated by a combination of power-law functions; where the power-law index in the inner region of the ejecta is different (smaller) from the index in the outer region of the ejecta (see § 4 and figure 8). Here, this is simplified by approximating the entire ejecta's density profile to one power-law function with one index n. We adopt the powerlaw index of the inner region, n = 2, for the whole ejecta, although in reality the outer part of the ejecta (excluding the fast tail) shows a higher index n ∼ 3 − 3.5 (see § 4 and figure 8 ). The validity of this approximation is discussed in § 4.1. Such an approximation is also reasonable for the stellar envelope in the collapsar case; although the index n differs (based on the stellar calculations by Woosley & Heger 2006; see Mizuta & Ioka 2013 figure 2 for an illustration of n).
2.1.1.6 A negligible ambient velocity Since βj βa, we approximately take that βj − βa βj 1. This is a very good approximation for slowly expanding ejecta. Also, even for fast ejecta (∼ 0.4c), this is a good approximation during most of the jet propagation time, until the jet head starts interacting with the outer region where βa is substantial, because the velocity structure is homologous. Hence, equation (2) is simplified to the following form:
A particular case where this approximation was avoided is presented in Appendix B2.1 for reference.
2.1.1.7 A non-relativistic jet headL
This study is limited to the case of a non-relativistic jet head. This is guaranteed by the following requirementL (1 − βa) 2 ; this condition allows equation (5) to be simplified as:
The above condition also ensures that β h is less than unity. This condition can be understood as analogous toL 1 in the collapsar case (βa = 0) (Matzner 2003; Bromberg et al. 2011) .
2.1.1.8 A calibration coefficient for the analytical L Comparison of numerical simulations (of collapsar jets) shows that, in reality, the analytical modeling does not capture all the physics of fluid dynamics and the jet head propagation (e.g., oblique motion). As a result, as firstly found in Mizuta & Ioka (2013) and examined in detail in Harrison et al. (2018) , the analytical modeling overestimates the jet head radius (effectivelyL) in comparison with simulations. In Harrison et al. (2018) , the intensive comparison with simulations shows that, in the non-relativistic domain, the analytical equations give ∼ 2.5 − 3 times faster jet head velocity (see figure 12 in Harrison et al. 2018) . That is, for more accurate results,L 1/2 has to be corrected by a calibration coefficient Ns ∼ . So far, there has been no estimation of this calibration coefficient for the case of an expanding medium. Matsumoto & Kimura (2018) ; Salafia et al. (2019) used the same calibration coefficient for the case of an expanding medium as an assumption, but offered no evidence. Here, after intense comparison with numerical simulations (in § 3), we found that Mizuta & Ioka (2013) and Harrison et al. (2018) findings can be generalized for the case of an expanding medium; for the case of non-relativistic jet head propagation in an expanding medium, we show for the first time that this calibration coefficient is i) necessary and that ii) it takes roughly the same range of values as it does in the collapsar case. Hence, hereafter we adopt a constant calibration coefficient Ns for our analyticalL 1/2 as:
2.2 Case I: Static medium
Equation of motion
In this case I, the medium is assumed to remain static during the timescale of jet propagation (i.e., βa = 0), as in the collapsar case. Hence, the density profile of the ambient medium (assumed as a power-law) is not time dependent. The motion of the jet head derived from equation (6) is given by the following first-order differential equation (for a detailed calculation, refer to Appendix B1):
With the jet opening angle θj approximated as constant (see § 2.1.1.1), the solution can be written with:
For rm r0, and after replacing θj with θj = θ0/fj, Ac in equation (11) can be simplified to the following: (13)] and v b [in equation (14)] can be also simplified to the following:
In this case I, the medium's outer radius and the breakout radius are equal: rm = R b . Hence, for typical collapsar parameters (see model G5.0 in Mizuta & Ioka 2013), taking n ≈ 2, the breakout time can be written as: 
Case II. Expanding medium
In this case II, the difference is that we consider an ambient medium expanding outward with a non-negligible radial velocity, as in the case of BNS merger ejecta. The ejecta's outer radius rm(t), the expansion velocity at a given radius r, va(r, t), and the density at a given radius r, ρa(r, t), are all dependent on the time t. The equations are:
ρa(r, t) = ρ0
with rm,0, r0, ρ0 are the ejecta outer radius, the jet head position, and the density at r = r0, all at t = t0 when the jet is launched (see figure 1) . vej is the ejecta's maximum velocity and n is the power-law index of the density profile. Note that assuming that matter is ejected at the very moment of the merger t = tm, rm,0 can be approximated to rm,0 ≈ vej (t0 − tm) + r0.
Equation of motion
The motion of the jet head in an expanding medium is derived from equation (6) as the following first-order differ-ential equation (detailed calculations are presented in Appendix B2 ):
whereL 1/2 ∝ A, and A is a constant that depends only on the parameters of the ejecta and the engine:
In comparison with the equation of motion in the case of the static medium, there are two differences. First, the additional term (−vej/rm(t))r h (t) and its negative sign can be understood as the comoving speed that the jet head gains from the expanding ejecta as a background. Second, the term in the right-hand side is different, which is due to the evolution of the density.
With the jet opening angle θj approximated as constant over time (see § 2.1.1.1), A is also constant and the analytic solution can be found as (more details are given in Appendix B2):
Through comparison with numerical simulations, we find that the analyticL 1/2 is overestimated in the same way as previously found for the static medium case (Mizuta & Ioka 2013; Harrison et al. 2018 ). Hence, correctingL 1/2 gives the corrected form of A as:
where we take Ns ≈ 2/5 [see § 2.1.1.8 and equation (7)]. The opening angle of the jet θj = θ0/fj is unknown. Within the explored parameter space for the BNS merger case, we find that taking fj ≈ 5 is a reasonably good approximation for the case of a non-relativistic jet head. Hence, with the central engine's isotropic luminosity Liso,0 4Lj/θ 2 0 and r0 ≈ 10 6 − 10 7 cm, the jet head motion is determined by the following macroscopic parameters:
(i) The engine power: Lj and the jet initial opening angle θ0; or the jet isotropic luminosity Liso,0.
(ii) The ejecta: its total mass Mej, and the way this mass is distributed with the density profile's power-law index n.
(iii) The outer radius: outer radius at the moment the jet is launched rm,0, and its expansion velocity vej.
The breakout
As shown in figure 1, at the breakout t = t b , which is t b − t0 after the jet launch, the following equation is fulfilled: r h (t = t b ) = rm(t = t b ) = R b . Hence, the breakout time since the jet launch t b − t0 and the breakout velocity v b can be analytically found as:
Here too, A should be replaced by Ac in equation (25). For rm,0 r0, and θj = θ0/fj, Ac in equation (25) can be simplified to the following:
(28)
For n < 4, equation (26) can be also simplified to the following:
Inserting Ac [equation (28)] in t b − t0 [equation (29)] and in v b [in equation (27)] gives:
and:
From the comparison of the expression of the breakout time in an expanding medium [equations (30) and (31)] with the expression of the breakout time in a static medium [equations (16) and (17)], we can identify: i) the very same expressions found in the static case (in the first term, for both cases n < 3 and 4 > n > 3) which is independent of vej, and ii) an additional term linearly dependent on vej. And the same can be mentioned for the breakout velocity from equations (17) and (31).
The second term proportional to vej in the breakout time expression [equations (30) and (31) For typical parameters of GW170817's engine and ejecta (later discussed in § 5; see figure 9), the breakout time can be written as: (for 4 > n > 3).
First, in both cases (n < 3 and 4 > n > 3), the first term in the expression of the breakout time (independent of vej) is roughly of the same order as the second term, for the parameters chosen above. Second, comparison of these two analytic breakout times for different density profile indices, n = 2 [equation (32)] and n = 3.5 [equation (33)], shows that the results vary within a factor of ∼ 2 4 . This breakout time will be further discussed in comparison with numerical simulations (see § 3 or table 1).
COMPARISON TO NUMERICAL SIMULATIONS
We present a large series of 2D relativistic hydrodynamical simulations. Our numerical study is unique as: i) it is the largest collection of numerical simulations of BNS mergers' jet launch to our best knowledge, with nearly a hundred models computed; ii) the sample as a whole investigates all the key parameters that are relevant for jet propagation, and hence, it explores a very wide parameter space.
Numerical simulations
Setup
We carry out numerical simulations using a two-dimensional relativistic hydrodynamical code, which was previously used for core-collapse simulations in Yoshida et al. (2014) and Okita et al. (2012) (see Hamidani et al. 2017 for more details about the code method). We follow the same setup as in Nagakura et al. (2014) . Based on the approximations presented in § 2.1.1, the initial conditions are set. The ejecta is spherically symmetric. The injected jet is hot, with its initial enthalpy set as h = 20. The jet is injected with an opening angle θinj and an initial Lorentz factor Γ0 1/θinj. Hence, accounting for the fact that the jet is hot and for the relativistic spreading, the opening angle of the jet is θ0 ∼ θinj + Γ −1 0 ∼ 2θinj. The jet is injected with a constant power Lj (per one polar jet) throughout the simulation.
We use the Polytropic equation of state (EOS) with γ = 4/3. The pressure in the ejecta is scaled to density as P = K ef ρ 4/3 where K ef = 2.6 × 10 15 g −1/3 cm 3 s −2 (Nagakura et al. 2014). Such a scaling factor may give a colder temperature than that of the actual radioactive ejecta. However, this is not expected to affect the dynamics of the jet propagation. The circumstellar medium through which the ejecta expands (hereafter, CSM) is assumed to have a much lower density than the ejecta (we use ρCSM = 10 −10 g cm −3 ). The CSM is also assumed to be static (v = 0). The coordinate system (r, θ) is spherical, with axisymmetry and equatorial plane symmetry. The inner boundary of the computation domain is rin = 1.2 × 10 8 cm 5 (as in Nagakura et al. 2014 ). The mesh is allocated using an adaptive mesh refinement (AMR) manner. The initial number of grid is ∼ 8000 × 512 for high-resolution calculation, and ∼ 2500 × 512 for the lowest resolution (with angular grid N θ = 512 in both cases). The radial resolution is the highest at the inner boundary, and decreases logarithmically in the domain rin < r < 10 10 cm. For r > 10 10 cm the resolution is kept constant, unless the jet is detected; in which case the AMR algorithm allocates more grids accordingly. For high-resolution calculations, the highest resolution is ∆rmin = 10 5 cm. For low-resolution calculations, the highest resolution is ∆rmin = 10 6 cm. Angular resolution is also distributed logarithmically, with the angular resolution around the on-axis being 10 times the angular resolution near the equator. The angular resolution around the on-axis is always high (∆θmin = 0.04
• ). Considering the timescale of the simulations (< 1s) and its goal of studying the jet head dynamics, many effects are neglected. Magnetism, gravity, neutrino pressure, the ejecta's fast tail, and general relativistic effects are all ignored.
Simulated models
As shown in table 1, we present the list of the simulated models. Models are classified into different groups of simulations; each group is intended to explore certain space of parameters. These series of models are set so that all the relevant parameters for jet propagation are covered.
The first group (labeled by "T") focuses on exploring the time delay between the merger and the jet launch t0 − tm; which can affect the jet structure (Geng et al. 2019) . We present models varying in t0 − tm, logarithmically, from 20 ms to 320 ms. Other parameters varies in this group, such as the opening angle θ0, engine luminosity Liso,0, and maximum resolution. This group is aimed to take parameters similar to GW170817. For this group we take ejecta parameters based on numerical relativity simulations for a 1.35−1.35M BNS merger: the ejecta maximum velocity vej = 0.2 √ 3c, the density profile power-law index n = 2, and the ejecta total mass Mej = 0.002M (for more details, see § 4). The jet's initial opening angle θ0 takes two values; the "narrow" jet case (6.8
• ) and the "wide" jet case (18.0 • ). This choice of values for θ0 is based on the assumption that the final jet opening angle, accounting for its spreading after the breakout, is taken as θ f ∼ θ0/2 6 . Hence, our choice of θ0 values is so that it covers the expected opening angle for GW170817's jet as suggested by observations (see § 5.2.2 for a rigorous explanation).
The second group (labeled by "N") is meant to explore density profiles (varying in n), and test the consistency of our analytic model's breakout time. Also, it allows to compare our simulations to others in the literature. It takes ejecta parameters similar to those in Nagakura et al. (2014) . Resolution does vary from high to low within this group.
The third group of models (labeled by "V") presents models varying in the ejecta's maximum velocity vej. It aims to test our analytic equations of jet head motion, in a general way, independently of GW170817 typical parameters. vej takes the values 0, 0.1c, 0.2c and 0.4c. The density profile also varies from the flat case n = 0 to a very steep case n = 5.
For reference, in figure 2 two snapshots showing the density and the velocity are presented for two models (T02-H and N30-H).
Finally, in figure 3 we show the average opening angle of the jet head in numerical simulations, from t0 to the breakout time t b . We show four different models (T02-H, T07-H, T12-H and T17-H; all with t0 − tm = 80 ms). The average opening angle is derived as:
where r h (t) is the jet head radius and θj(r) is the opening angle of the jet outflow at the radius r. The jet outflow was defined by the following two requirements: Γ > 3 and hΓ > 10; this ensures the exclusion of the ejecta and the cocoon material. This definition of the average jet opening angle is similar to that in Nagakura et al. (2014) [see fig 3 and equation (9) in Nagakura et al. 2014] . However, in our case, the integration starts from half the jet head radius r h (t)/2. This modification is added to focus on the outer part of the collimated jet, so that the average opening angle represents the jet head's opening angle. Note that, it is the jet head's opening angle which is relevant to the jet head cross-section Σj andL [as discussed in § 2; see equation (3)].
From figure 3, it can be seen that our approximations in § 2.1.1.1 are quite reasonable. First, figure 3 shows that the jet head opening angle is roughly constant over time [the time dependence is weak; see equation (C9) in Appendix C]. Second, figure 3 shows that the collimation factor fj = θ0/θj takes values as fj ∼ 2 − 10 depending on the model. The typical value of fj in the case of a non-relativistic jet head (L (1 − βa) 2 ) is fj ∼ 5.
Jet head motion
We track the jet head position in simulations using an algorithm that accurately detects the sharp changes; such as fluid's density and fluid's velocity (in particular sharp changes in β θ and βr); between the unshocked ejecta and the jet head. Figure 4 illustrates both analytical and numerical results for jet head motion in different environments. Analytical jet head radial position r h (t) and velocity β h (t) are shown for the static case (vej = 0) and the expanding case (vej = 0.1 c and vej = 0.2 c) and for different density profiles n = 0, n = 1 and n = 2. As it can be seen in figure 4 , the agreement is good. The agreement is good for the case vej = 0, where r h (t) shows a difference within 10 − 20%. For the other expanding cases, the agreement is very good, showing a difference of the order of a few percent.
At late times, just before the breakout, the gap between analytical and numerical results widens in most models (see figure 4). Our interpretation is that this difference is mainly due to the combination of two effects; the first effect leads to an underestimation and the second leads to an overestimation (of the jet head position). First, numerically, as the ejecta's outer shell expands in the very low density CSM, the gap in density results in an additional acceleration and a widening of this outermost shell of the ejecta, which affects the initial density profile around the outer radius, giving a steeper density profile. The analytical model overlooks this effect. Second, in the analytical model, from equation (2) to equation (6), the term βj − βa has been approximated as βj 1 (as βj βa). However, in the case of significantly fast ejecta (vej 0.2c), the approximation βj −βa 1 starts to break down, especially when the jet head gets closer to the highly expanding outer medium for r h (t)/rm(t) 1. In addition to these two effects, there is the approximation of a constant jet opening angle (as θj ≈ θ0/fj with fj ≈ 5), which, although reasonable, can include an error of up to a factor of ∼ 2 in velocity in extreme conditions (i.e. a relativistic jet case).
Although the analytical model is well-defined for n ∼ 0−3, the models with a much steeper density profiles (n = 3, n = 4 and n = 5) are compared to simulations (breakout times can be found in table 1). In these cases, the gap between analytical and numerical results gets to about a factor of 2, in particular for the extremely steep cases (n = 4 and a Density profile's power-law index. Note that as n = 3 (and n = 4) cannot be calculated with our set of equations, we effectively use 3.01 (and 4.01) instead. b The engine isotropic equivalent luminosity. Conversion to the jet luminosity L j (one sided) can be done using: L j L iso,0 θ 2 0 /4. c The opening angle at the base of the jet accounting for relativistic spreading of the jet is defined as θ 0 = θ inj + 1/Γ 0 . Note that real values may vary slightly due to the approximation ∼ 1/Γ 0 . d The delay between the merger time tm and the jet launch time t 0 . The outer radius of the ejecta is determined using: r m,0 v ej (t 0 − tm) + r 0 , with r 0 ∼ 10 7 cm. e The outer radius of the medium (in the case of a static outer medium v ej = 0). f Relates to resolution used in the simulation. g Analytic breakout times are calculated using equation (26) [and equation (13) in the static medium case: v ej = 0] and assuming θ j ≈ θ 0 /f j , where f j ≈ 5, and a calibration coefficient of Ns = 2/5. Note that for these values are calculated using a non-relativistic model for the jet head, and since the jet head in models T08-H, T09-H, T18-H, T19-H, T08-L, T09-L, T18-L, and T19-L reach relativistic velocities, the analytic breakout times for these models are not fully reliable. * The analytic results are questionable, because the requirementL (1 − βa) 2 is not always fulfilled (or is at its limit). In other words, the approximation of a non-relativistic jet head and the analytic results are questionable. The jet is injected at t = t 0 . The two panels on the left show the jet at t t 0 + (t b − t 0 )/2. The two panels on the right show the jet at the moment of the breakout t ≈ t b . Note that, as we assume a relatively low density for the CSM, the interaction of the outer edge of the ejecta with the CSM widens the ejecta's outer edge and produces a slightly faster component (note that its density and mass are very small to affect the jet propagation). n = 5). This is mainly because of the high level of collimation in the inner region, so that θj ≈ θ0/fj (with fj ≈ 5) is no longer a reasonable approximation. Also, in steep density profiles, it is common that the analytic model gives unphysical jet head velocities (β h 1). Note that simulations show that collimation happens in the inner (very dense) region, and as soon as the jet head reaches outer regions, the collimated jet opens up; and in some cases the jet head accelerates and loses contact with the rear jet. Overall, we get good agreements for n 3, with a difference within ∼ 20%. For the other steeper models, results are questionable, especially in terms of jet head velocity.
the breakout
Here we compare the analytic breakout time [equations (13) and (26)] with the breakout time inferred from numerical simulations. The breakout time in numerical simulations is defined as the time when the jet head reaches the ejecta's region expanding with the maximum ejecta velocity vej 7 . That is, r h (t b ) = rm(t b ) = vej (t b − t0) + rm,0.
Figures 5 and 6 show the results for analytical and numerical breakout times, for "N" models (varying in n) and "V" models (varying in vej), respectively (see also table 1). In figure 5 , we see a very good match between the simulations and analytical calculations. The agreement is along the whole domain of density profiles 0 − 5, although both low and high n limits show less impressive agreement. Also, the close t b values found in low and high-resolution calculations suggest that the resolutions in our simulations should be acceptable. Also, in this parameter space, both analytical and 7 Note that, in numerical simulations -as the CSM is assumed static and having a very low in density relative to the ejectathe outer most region of the ejecta initially expanding with the maximum velocity v ej accelerates slightly to exceed v ej . This can be seen in figure 2. However, as this has little effect on the jet propagation and its breakout time, we stick to defining the breakout time as the time when the jet head reaches the ejecta's fluid expanding with v ej . Figure 3 . Evolution of the average opening angle θ j,av of the jet head in numerical simulations, normalized to the initial opening angle θ 0 = θ inj + 1/Γ 0 , as a function of the time since the jet launch, up to the breakout time. The average opening angle is defined as presented in equation (34). We show the results for four models (see table 1 for the parameters of the models). The variation of the average opening angle over time is not significant during most of the jet head path up to the breakout [see also Appendix C in particular equation (C10)]. In the case of a non-relativistic jet head, we roughly get θ j (t) ≈ θ 0 /5. For a comparison, see figure 3 in Nagakura et al. (2014) .
numerical breakout times show small variations for different n. Figure 6 shows breakout times for a variety of expansion velocities (group "V"; using θj ≈ θ0/5). First, let's consider models with vej = 0, 0.1c, and 0.2c. In the domain n = 0 − 3, we see a very good agreement (overall a difference of ∼ 15 − 20%). However, for n = 4 − 5 the gap between analytic and numerical values widens (overall a difference of ∼ 25% but even up to ∼ 50%). This is due to the same effects discussed in § 3.1.3 which tends to give analytically high jet head velocities. Second, for models with vej = 0.4c, there is a large gap (factor ∼ 2 difference). As previously discussed in § 3.1.3, unless vej 0.4 c, the approximation of assuming βj − βa 1 starts to break down (see Appendix B2.1 for a more rigorous calculation).
We also compare the analytic and numerical breakout times for the "T" group. Figure 7 shows the breakout times for all models, different not only in t0 − tm, but also in jet power, opening angles, and resolution. We notice that: i) numerical breakout times vary around the analytic breakout times calculated using θj ≈ θ0/5 (by ∼ ±30% overall and up to ∼ 100% in the extreme case); ii) our low and highresolution calculations give similar results suggesting that the resolution is high enough; and iii) the more accurate analytic solution [calculations are presented in Appendix B2.1, equation (B24)] gives a better agreement, especially for wide jet models (where the difference is reduced from ∼ 100% to ∼ 80 − 90%). Note that in simulations with Liso,0 = 5 × 10 Finally, an additional test of our analytic breakout times is to make a comparison with other breakout times in simulations found in the literature. We compare with breakout time in Nagakura et al. (2014) . Table 2 show the comparison. For most calculations, our simple analytic breakout time assuming θj ≈ θ0/5 (with a calibration coefficient of Ns = 2/5) is very reasonable, and gives very similar results to independently carried out simulations (difference of ∼ 20 − 50% for most models).
NUMERICAL RELATIVITY SIMULATIONS AND THE DYNAMICAL EJECTA
The assumed ejecta profiles for density and velocity vary in the different studies on jet propagation. One very commonly adopted density profile is, as in Nagakura et al. (2014) , ρa(r) ∝ r −3.5 . In others studies, the adopted index differs (e.g. n = 2 in Gottlieb et al. 2018b; Xie et al. 2018; Lazzati et al. 2017) . For the velocity profile, the adopted maximum velocity vej in different studies varies. Nagakura et al. (2014) took the maximum ejecta velocity as vej = 0.4c. In most other studies, this value is typically taken as 0.2c
Here we determine these important parameters by going back to numerical relativity simulations. We present results from numerical relativity simulations with the highest resolution to date . We focus on a merger event similar to GW170817, where the total mass of the binary is ∼ 2.7M (Abbott et al. 2017a ). Considering GW170817, there is uncertainty on the mass ratio of the two NSs of the binary (q), and an asymmetric BNS system is possible (i.e. q < 1). However, for simplicity, we only consider the case of an equal mass BNS system (i.e. q = 1), where each NS has a mass of 1.35M . Note that, depending on this mass ratio, the dynamical ejecta can be largely different (Vincent et al. 2019) . Hence, we stress that the density profile presented here is limited to the particular case of a symmetric BNS system. Also, another simplification is that we consider jet propagation in a medium composed of the "dynamically" ejected mass, only. In reality, other mass ejection mechanisms are possible, even within the short timescale (< 1.7 s in the case of GW170817) before the jet launch. In particular, the viscous outflow from the central region may contribute substantially to the total mass of the ejecta, its density profile, and its angular distribution (Fujibayashi et al. 2018) .
We analyze the produced dynamical ejecta during the first few milliseconds after the merger. We present the results in figure 8. We show two models, each with a different EOS. With EOS H, the radius of each of the two NSs is 12.27km; while with EOS HB, the radius is 11.61km (see Kiuchi et al. 2017 for more details).
Density profile of the ejecta
The top two panels in figure 8 show the density profile at t − tm ≈ 12 ms, for the models H-135-135 and HB-135-135 (see Kiuchi et al. 2017 ). Both models show an overall similar density profile. In the inner region of the ejecta, the density profile can be approximated to a power-law with an index n ≈ 2 (i.e., ρ(r) ∝ r −n ). In the outer region of the ejecta expanding at ∼ 0.2c − 0.3c, the density profile steepens to (9) and (10). Analytic lines in the middle and bottom panels are calculated using equations (23) and (24). (26)] with breakout times from simulations in Nagakura et al. (2014) . Figure 5 . The breakout time for the different models (of the group "N") varying in the density profile index n. The red circles, and blue triangles are the breakout times from 2D hydrodynamical simulations, using high and low-resolutions, respectively. Dotted lines are smooth interpolations. The black solid line shows the analytic breakout time as a function of the density profile's index n, for θ j θ 0 /5 [using equation (26)].
n ≈ 3.5. And for the fast expanding outer region -the fast tail -the density profile is even steeper with n ∼ 5 − 6. However, since the mass of the fast tail is very small, it can be neglected as long as we focus on jet propagation. Ideally, the density profile of BNS merger ejecta should be a combination of two (or more) power-law functions, one power-law with an index n1 ∼ 2 to fit the inner region and a steeper power-law with an index n2 ∼ 3.5 to fit the outer region. However, we know from the analytic results that the overall jet propagation (i.e. the breakout time) is not dramatically affected by variation in the density profile's index n [see equation (26) or equations (32) and (33)]; simulations confirm this point by showing that the breakout time varies weakly for models with different n (see figure 5, or the breakout times for group "N" in table 1; also see figure  6 ). Hence, the whole density profile of the ejecta can be approximated to a single power-law function with a power-law index n ∼ 2 − 3.5. Therefore, for the case of GW170817, we will consider the ejecta's density profile as a power-law with an index n = 2.
Velocity profile of the ejecta
The velocity profile in figure 8 (bottom two panels) at t − tm ≈ 12 ms after the merger shows a homologous behavior va(r) ∝ r. Other numerical relativity simulations in the literature present the average velocity of the ejecta (see table 4 in Hotokezaka et al. 2013;  Radice et al. 2018 ; and for a summary see figure 1 in Siegel 2019). Overall, the average velocity of the ejecta (including the bound part) is found as ∼ 0.2c. Hence, we adopt a linear velocity profile throughout the ejecta, with (0.2c) 2 = (1/Mej) va(r) 2 ρa(r)dV ; hence, for n = 2, the maximum velocity is adopted as vej = √ 3 × 0.2c 0.346c. As pointed out in § 4.1, a fast tail is visible in the outer part of the ejecta. The fast tail is very sensitive to the EOS, hence there are large uncertainties on its properties. Note that, in comparison to the whole dynamical ejecta, in terms of mass and energy, the fast tail is several orders of magnitude weaker than the ejecta. Also, the fast tail is about one order of magnitude less energetic than the cocoon (Ec ∼ 10 49 − 10 50 erg, Hamidani et al. 2019 in preparation) , and its very low mass gives a very short diffusion time. Hence, its presence would not dramatically affect the jet propagation, nor the cocoon and its EM counterparts at later times; although it can be relevant to the prompt emission (Bromberg et al. 2018) , and to the early afterglow emission (Kyutoku et al. 2014; Hotokezaka et al. 2018) . Therefore, we neglect the entire fast tail part of the ejecta.
Angular dependence
Numerical relativity simulations' results, as in figure 8, show clearly that the dynamical ejecta is not spherical; the density in the equatorial region is higher than the density along the polar axis. We know from follow-up observations of GW170817 that the jet opening angle is small (θc ≈ 4
• ; Mooley et al. 2018; Troja et al. 2018; Ghirlanda et al. 2019) , this implies that the jet propagated in the polar region of the ejecta. Since the density in the equatorial region is not relevant to jet propagation, and since the scope of this study is limited to jet propagation, we do not include the excess in density in the equatorial region (relative to the polar region) in our calculation for GW170817's jet propagation. In other words, we assume a spherically symmetric polar density profile, for simplicity. Therefore, for an application to GW170817, and by considering a fiducial value for the dynamical ejecta mass, as 0.01M , we adopt in our calculations an effective ejecta mass Mej = 0.002M 8 . Note that, in the case of a highly asymmetric BNS system the angular distribution is much different, because the mass contribution of the tidal component of the dynamical ejecta is substantially higher (Kiuchi et al. 2019; Vincent et al. 2019) . Hence, our estimation of Mej here should be understood as limited to the case of a symmetric BNS system.
APPLICATION TO GW170817
Here we apply our numerical modeling to GW170817/sGRB 170817A. Our strategy here is to combine all robust information on GW170817/sGRB 170817A from observations and numerical relativity simulations. Then we use our analytic model in order to isolate key parameters of the central engine which are not well-known: the engine power Liso,0 and the timescale of the engine activation relative to the merger time t0 − tm.
Key information from numerical relativity simulations
We presented data from numerical relativity simulations in § 4. Accordingly, the key parameters are fixed as follows: n = 2, vej = 0.346 c, and Mej = 0.002M (refer to § 4.1; § 4.2; and § 4.3; respectively). With r0 ≈ 10 6 cm around the vicinity of the event horizon of a BH with 2.7M , the only remaining unknowns for GW170817/sGRB 170817A are the engine parameters: Lj, θ0, and t0 −tm (or Liso,0 and t0 −tm).
Key information from observations
Prompt GRB observations: Delay time
Electromagnetic detection by Fermi shows a delay of ∼ 1.7s later than GW observations by LIGO (Abbott et al. 2017c ). This delay should be the results of three delays: delay due to the engine activation t0 − tm, delay in the jet breakout t b − t0, and delay in the release of EM radiation from the jet. Therefore, this piece of information can be useful to constrain t0 − tm and Liso,0 (to which t b − t0 depends).
Afterglow observations: Jet energy and opening angle
Late afterglow observations of GW170817 provided an estimation of the jet (and cocoon) energy and its final opening angle (Mooley et al. 2018; Troja et al. 2018; Ghirlanda et al. 2019) . Radio observations also determined the afterglow's peak time at ∼ 150 days, and the flux at this time. Lorentz Results from very high-resolution numerical relativity simulations of a BNS merger by Kiuchi et al. (2017) . The BNS system is of 1.35M − 1.35M . Two models with different equation of state are presented: H-135-135 (at t − tm = 12.79 ms; where tm is the time when the gravitational-wave amplitude reaches its peak) and HB-135-135 (at t − tm = 11.89 ms). Top two panels show the density profiles and the bottom two panels show the velocity profiles. For more information about the parameters of the two models H-135-135 and HB-135-135, please refer to tables 1 and 2 in Kiuchi et al. (2017) .
factor could be inferred from the superluminal motion as Γ 4. Then, the isotropic equivalent energy can be found as Eiso ≈ 3 × 10 51 − 10 53 erg for reasonable ranges of e and B (for more details, please refer to Mooley et al. 2018) . As far as our study is concerned, the conclusion is that the late time jet energy should satisfy Eiso 10 53 erg.
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From the afterglow observations, the final opening angle of the jet was constrained as θ f = 3.38 +0.974 −0.974 degree (table 2 in Troja et al. 2018) . Other studies suggested similar results: θ f < 5
• in Mooley et al. (2018) , θ f = 3.4
• ± 1 • in Ghirlanda et al. (2019) , and θ f = 6.3
1.1 0.6 degree for GW170817 (and θ f = 6.9 2.3 2.3 degree for cosmological sGRBs) in Wu & MacFadyen (2019) . Taking into account these estimations, we set the jet opening angle for GW170817, where θ f varies within 9 We do not consider the lower limit on energy because it is possible that, after the prompt emission, later engine activity did inject energy, which could have contributed to the afterglows. two extremes: i) narrow jet case θ f,narrow = 3.4
• , and ii) wide jet case θ f,wide = 9.0
• . Given our assumption θ f ≈ θ0/2 (see § 3.1.2), the initial opening angle of the jet takes values between two extremes: θ0,narrow ≈ 6.8
• and θ 0,wide ≈ 18
• ; hence our choice of θ0 for the "T" group models 10 .
Results
Figure 9 presents our constraints on the central engine of GW170817. The engine isotropic luminosity Liso,0 ≈ 4Lj/θ 2 0 , and the delay between the merger (at tm) and the engine activation (at t0), are unknown parameters.
If we assume that the jet launch is triggered by the collapse of the HMNS, the timescale t0 −tm should be comparable to the lifetime of the HMNS. The lifetime of the HMNS has been constrained in several studies (Metzger et al. 2018; Fujibayashi et al. 2018; etc.) , and with the above assumption such constraints could be translated into the timescale t0 − tm (see the green lines in figure 9 ). Metzger et al. (2018) proposed a scenario to explain the ejecta composition (in particular the electron faction Ye) as inferred from the blue macronova. In this scenario a fast rotating and highly magnetized HMNS (i.e., a magnetar) survives for a timescale ∼ 0.1 − 1s (see figure 2 and § 4 in Metzger et al. 2018) . Fujibayashi et al. (2018) considering the viscous wind ejecta, explained that a long-lived HMNS is needed to assist the launch of ejecta high in electron fraction (Ye) in the polar region, so that the blue macronova of GW170817 can be explained. With a stiff EOS, it is possible that the HMNS survives for longer timescale, comparable to the timescale of neutrino cooling ∼ 10s (see figure 11 ; table 3 and § 4 in Fujibayashi et al. 2018 ; also see Shibata et al. 2017) .
Other constraints on the timescale t0 − tm can be found in the literature (Matsumoto & Kimura 2018; Geng et al. 2019; etc.) .
Maximum Liso,0 as inferred from afterglow observations [in Orange]
First, we show the upper limit for the engine isotropic luminosity Liso,0 (orange solid line). There are three luminosities involved: the luminosity of the engine Liso,0 4Lj/θ 2 0 ; the luminosity of the jet after the breakout (which has a reduced opening angle from θ0 to θ f ≈ θ0/2; see § 3.1.2) giving L iso,f 4Lj/θ 2 f ≈ 4Liso,0; and the luminosity of jet after radiation has been released Liso ≈ L iso,f × (1 − rad ). Afterglow observations did put a limit on the late time jet energy as Eiso 10 53 erg (1σ upper limit; see § 5.2.2; for more details, refer to Mooley et al. 2018; Troja et al. 2018; Ghirlanda et al. 2019) . With the duration of GW170817 being ∼ 2 s, and assuming a radiative efficiency of rad ∼ 50% (Fong et al. 2015) to account for all the energy lost in radiation, the luminosity of the jet after the breakout L iso,f satisfying L iso,f × T90(1 − rad ) = Eiso 10 53 erg, gives L iso,f 10 53 erg/s. Hence, the engine luminosity should satisfy Liso,0 2.5 × 10 52 erg/s.
Breakout time t0 − t b and the 1.7s delay [in blue]
Second, as shown in figure 9 , we present different analytic breakout times, t b −t0, using the equation (26). As discussed in § 3, comparison with simulations shows that our analytic breakout times are very reliable. The key line in figure 9 is the solid blue line. In the region below this line, the delay between the GW signal and the EM signal (prompt emission) is strictly larger than the measured 1.7s, which excludes this region for GW170817. Let's derive the time delay between GW signal and EM signal for an observer at θv. The jet breaks out at a radius R b at a time t b , t b − tm seconds after the merger. After the breakout, it takes a certain timescale x for prompt emission photons to be released. This timescale, x, is not wellunderstood, as is the mechanism of the prompt emission. It has been argued that x can take milliseconds to seconds (see Zhang 2019; in particular table 1). At the breakout time, t b , the jet should have gained a distance R b cos θv toward the observer with a viewing angle θv, while GW signal should have gained a distance c(t b − tm). In other words, the jet is already late by a timescale: (t b − tm) − R b c cos θv seconds. Adding the timescale x for the prompt EM signal to be released from the jet, the timescale delay between GW and EM signals should be: Delay = (t b − tm) − R b cos θv/c + x. Then, with x > 0 the equality becomes inequality as follows:
with R b ≈ (t b − tm)vej. For a given delay time (Delay), the breakout time should satisfy the following equation:
For the case of GW170817, where the observer is at a viewing angle θv ≈ 20
•11 , and Delay = 1.7 s, we get:
Using the analytic expression for the breakout time t b − t0 [equation (26)], we can write:
and with the expression of Ac in equation (25), the engine luminosity can be written as:
where rm,0 can be written as a function of t0 − tm as: rm,0 ≈ vej(t0 − tm) + r0. With all the ejecta parameters already fixed, and using equations (38) and (39), the condition in equation (37) is equivalent to an upper limit on t b − t0 (or a lower limit on Liso,0) which varies as a function of t0 − tm. This constraint can be plotted analytically as a function of Liso,0 and t0 − tm as shown in figure 9 (solid blue line). Our constraints show that, based on the delay time between GW and EM signals and the afterglow observations, the allowed values for the breakout time (of GW170817's jet) is wide; it can take values as t b − t0 ∼ 0.01 − 2 s. Although long breakout times 1s are theoretically allowed, such cases requires a long accretion time ( 1 s), which might be difficult in a typical BNS post-merger scenario.
Finally, as a reference, the dashed blue line shows a jet breakout time (t b − t0) equal to the median of the prompt emission duration (T90) of Swift sGRBs: t b − t0 = Median(T90) = 0.36 s 12 . This line is a reference to the typical timescale of the prompt emission, and shows the corresponding engine parameters if the breakout time is comparable to this timescale (Bromberg et al. 2013 ). The isotropic equivalent luminosity of the jet on the on-axis after the breakout (θv < θ f ) around this dashed line is L iso,f = 4Liso,0 ∼ 10 51 erg/s, which is comparable to the observed range of isotropic luminosity for sGRBs (see figure 10) .
Jet head breakout velocity v b [in grey]
Figure 9 also shows lines for a constant breakout velocity of the jet head v b /vej (grey lines). Previously Ioka & Nakamura (2018) presented an estimation of this velocity as v b /vej ∼ 2. Using our analytic modeling [in particular equation 27], we get Ac as a function of the jet head breakout velocity as follows:
Equation (39) can be used to find the engine luminosity Liso,0 as a function of t0 − tm for different breakout velocities. For the case of GW170817 (i.e. the ejecta parameters assumed for GW170817), we find that the breakout velocity can be constrained as:
with v b /vej ≈ 2 as a central value for GW170817's parameter space. Note that there is a parameter space where we predict a relativistic breakout v b ∼ c. Such a relativistic breakout may produce a bright emission. However, the luminosity depends on the size of the fast tail of the ejecta, and hence it is not clear whether this region should be excluded for GW170817, or not. Also, note that our analytical modeling is limited for a non-relativistic jet head.
DISCUSSION: THE NATURE OF S GRB 170817A
sGRB 170817A is a unique sGRB, in particular with its extremely low isotropic luminosity Liso (as it can be seen in figure 10 ; see Abbott et al. 2017c ). This faintness has been interpreted as due to one of two main scenarios: i) sGRB 170817A is apparently different from typical sGRBs due to the observer's large viewing angle, a so-called off-axis model (e.g., Ioka & Nakamura 2018 ; ii) sGRB 170817A is intrinsically different and a unique sGRB. Based on the inferred engine isotropic luminosity in the on-axis ∼ 3 × 10 49 − 2.5 × 10 52 erg/s, we can estimate the observed luminosity of sGRB 170817A for an observer with a line of sight near the on-axis. A rough estimation, using a radiative efficiency rad ∼ 50%
13 (Fong et al. 2015) , and assuming a top-hat jet with the jet opening angle θ f ≈ θ0/2 (see § 2.1.1.1), one can deduce the isotropic equivalent luminosity for the prompt emission in the range ∼ 6 × 10 49 − 5 × 10 52 erg s −1 , which is typical for a sGRB as it can be seen in figure 10 .
Hence, based on the close similarity -in luminosityon-axis observers would most likely observe a typical sGRB; although the possibility that sGRB 170817A is produced by a different mechanism than ordinary sGRBs cannot be entirely excluded. Hence, GW170817/sGRB 170817A and its energetics support the NS merger scenario for typical sGRBs.
CONCLUSION
We investigated jet propagation in BNS merger ejecta. Our study combines hydrodynamical simulations of jet propagation and analytic modeling. We constructed the post-merger ejecta based on high resolution numerical relativity simulations' results. Then, we analytically solved jet propagation, from the vicinity of the central engine r0, to the edge of the expanding BNS merger ejecta. Our analytic model gives the jet head position as a function of time, which allows us to derive crucial quantities such as the breakout time and the breakout velocity (see § 2.3 or Appendix B2). This is the first time that jet head motion in an expanding medium has been solved analytically, with the expansion of the ejecta properly taken into account. We identify a new term contributing to the breakout time for an expanding medium, which does not exist for a static medium [see equations (32) and (33)].
We carried out hydrodynamical simulations of jet propagation for a wide variety of BNS merger ejecta and a wide variety of engine models. We showed that our analytic solutions for jet head motion, breakout time, etc., do agree with numerical simulations. We discussed the limitations of our analytical model; in particular, for steep density profiles n > 3, or high ejecta velocities vej 0.4c, our analytical model reaches its limit and is less reliable. We also showed the parameter space where the jet head becomes relativistic, and for which our non-relativistic analytic model cannot be applied.
Then, we applied our analytic model to GW170817/sGRB 170817A. We considered the following key facts: (i) GW observation of GW170817 (e.g., ∼ 2.7M ), and the merger ejecta properties as revealed by numerical relativity simulations.
(ii) Late time afterglow observations constraining the jet's energy as Eiso ≈ 3 × 10 51 − 10 53 erg (Mooley et al. 2018) , and jet's opening angle as θ f ≈ 3.4
• − 9.0 • (Troja et al. 2018) .
(iii) Observations showing a ∼ 1.7 s delay between the GW merger signal and the prompt EM signal (Abbott et al. 2017c ).
With the above facts, we reached the following conclusions for GW170817/sGRB 170817A, in particular concerning the central engine:
(i) The time delay between the merger time and the jet launch time t0 − tm was constrained as t0 − tm 1.3s.
(ii) The central engine's isotropic equivalent luminosity was constrained as Liso,0 ≈ 3 × 10 49 − 2.5 × 10 52 erg s −1 . Higher power contradicts afterglow observations, while lower power results in a delay larger than 1.7s.
(iii) The jet head breakout velocity was constrained as 0.52 < v b /c < 1. This result is in agreement with Ioka & Nakamura (2018) .
This new constraint is more robust but in an overall 
GW170817:
Delay = 1.7s 0.1 -1s (Metzger et al. 2018) 0.1 -10s Fujibayashi et al. 2018) Figure 9 . The allowed parameter space for GW170817's central engine in terms of its isotropic equivalent engine luminosity (L iso,0 ) and the delay between the merger and its activation time (t 0 − tm). The blue solid line is an analytic constraint based on the 1.7s delay time between the gravitational wave and the electromagnetic signal [using equation (37)]. Other blue lines (dotted, dashed, and dotted dashed) show analytic breakout times [using equation (26)]. Grey lines show analytic breakout velocities of the jet head [using equation (27) ]. In green constraints on t 0 − tm from previous studies are shown (see § 5.3, and for more details refer to: Shibata et al. 2017; Fujibayashi et al. 2018; and Metzger et al. 2018) . The line in orange is based on late time radio observations (1σ upper limit, see § 5.3.1; also refer to: Mooley et al. 2018; Troja et al. 2018; and Ghirlanda et al. 2019) . The following parameters of the ejecta have been used: M ej = 0.002M , n = 2 and v ej = 0.2 √ 3c (see § 4).
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agreement with previous studies (in agreement with Metzger et al. 2018 ; partially in agreement with theoretical estimations based on numerical relativity simulations: Shibata et al. 2017 and Fujibayashi et al. 2018) . The relatively tighter constraint found in Gill et al. (2019) (t0 − tm = 0.98 +0.31 −0.26 s) seems questionable; in particular due to the fact that the analytic modeling of the jet propagation in Gill et al. (2019) did not properly account for the expansion of the ejecta, the fact that the assumed density of the ejecta did not take into consideration the angular dependence of the density, and also the fact that no comparison with numerical simulation was available.
One implication of our constraint on the central engine of GW170817 is on the nature of sGRB 170817A, and on the origin of its extreme faintness. We argue that based on the engine power, the prompt emission's luminosity for an on-axis observer would be in the range 6 × 10 49 − 5 × 10 52 erg s −1 (assuming rad ≈ 50%). First, this suggests that sGRB 170817A is most likely a sGRB by nature, and that its faintness is due to nothing intrinsic; rather it is most likely due to a large viewing angle effect (e.g., Ioka & Nakamura 2018 . Second, based on the similarity in luminosity with other sGRBs, this would imply that the many other sGRBs are most likely similar events to sGRB 170817A; that is, BNS merger events at larger distances but viewed with much smaller viewing angles. Hence, the BNS merger model is a promising model for sGRBs.
These conclusions and constraints are based on the first and the only GW/EM detection for a sGRB so far; with more GW/EM observations expected in the near future, the method presented here has the potential to improve the quality of the constraints. Also, the analytical modeling presented here can be applied to investigate other closely related topics (e.g. the cocoon, the macronova, and the EM counterparts; Hamidani et al. 2019 in preparation) .
As a final note, it should be pointed that our work overlooks some complex physics: magnetic field, neutrinos, GR effects, etc. There are many other numerical limitations as
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(on-axis) Figure 10 . Isotropic equivalent luminosity for short and long GRBs, and sGRB 170817A for a comparison (credit: Abbott et al. 2017c) . The constraint on the luminosity of the prompt emission of sGRB 170817A (if observed with a line of sight near the jet onaxis) is shown in magenta. The luminosity of the prompt emission of sGRB 170817A is calculated from the jet luminosity, assuming a radiative efficiency parameter rad ∼ 50%.
we use 2D hydrodynamical simulations, rather than the ideal 3D simulations. Also, due to limitations in the computational resources, simulations ideally with inner boundaries ∼ 10 6 cm, were not possible. These are interesting future perspectives. This paper has been typeset from a T E X/L A T E X file prepared by the author.
